A reliable Headspace-Solid Phase Microextraction (HS-SPME) method was developed for the determination of polar volatile components of commercial nut-based milk alternative drinks prior to Gas Chromatography-Mass Spectrometry (GC-MS) analysis. Under the optimum extraction conditions, a divinylbenzene (DVB)/Carboxen™ CAR)/polydimethylsiloxane (PDMS) fiber was used and 2 mL of sample was heated at 60 • C for 40 min under stirring, without salt addition. Ten compounds from different chemical classes (heptane, a-pinene, toluene, 2-methylpyrazine, 3-heptanone, heptanal, 2-octanone, 1-heptanol, benzaldehyde and 1-octanol) were chosen as model analytes for quantification. Limits of detection and limits of quantification were found to be 0.33-1.67 ng g −1 and 1-5 ng g −1 , accordingly. Good linearity, precision and accuracy were obtained as well as a wide linear range. The proposed method was successfully applied to various beverages including almond milk, walnut milk, peanut milk and almond chocolate milk. More than 70 volatile compounds were detected in the different samples. Most of the detected volatiles were aldehydes, ketones and alcohols. This technique can be used for the determination of volatile compounds in nut-based beverages, to detect compositional changes during storage and technological treatment used for their production.
alkanes and terpenes are the most common chemical classes of volatiles that can be found in nuts. Moreover, pyrazines, furans and furfurals can be generated during heat treatment processes such as nut roasting [5] . Therefore, it is important to know the typical chromatographic pattern of various food products to identify changes during processing and storage and to relate the food flavor with its volatile composition [6, 7] .
Solid-phase microextraction (SPME) is a well-established technique for the determination of volatile compounds in nuts [7] [8] [9] and nut products [5, 10, 11] . This technique was developed by Pawliszyn and co-workers in 1990 [12, 13] . With this sample preparation technique, the analytes are directly extracted and preconcentrated to the outer coating of a fused-silica fiber [14] . As a result, reduction of matrix interference and analyte preconcentration can take place in only one solvent-free stage followed by thermal desorption of the analytes into the Gas Chromatograph injection port [15] .
The headspace-SPME (HS-SPME) technique has been the most popular approach for volatile compounds profiling in various food matrices over previous years [6, [16] [17] [18] [19] [20] . The critical factors that affect the HS-SPME technique depend on analyte properties as well as on sample matrix and should be optimized. These factors are the fiber coating, the extraction temperature, the stirring speed, the equilibration and extraction time and the ionic strength of the solution [6, 21] .
A few research articles regarding the determination of volatile compounds of nut-based beverages are reported in the literature [5, 11] . However, these articles are focused on beverages derived by certain nuts (i.e., almond and tiger nut) and they were not applied to a wide variety of nut-derived beverages. Moreover, the quantification of volatiles of these methods are based on only one chemical compound. Thus, the aim of this research was the development, optimization and validation of a reliable analytical HS-SPME-GC-MS method for the determination of volatile components of a wide range of nut-based beverages such as almond, peanut and walnut beverages. Representative chemical compounds of most classes of volatiles were used for the first time for volatiles' quantification in nut-based milk's alternative beverages. To the best of our knowledge, the volatile profile of peanut and walnut milk alternatives beverages is examined for the first time.
Results and Discussion

Optimization of HS-SPME Procedure
The method optimization was performed by following the well-established one-factor-at-a-time approach. The effects of extraction time (10-60 min), extraction temperature (25-70 • C), salt addition (0-1.5 g of NaCl), sample volume (1-4 mL) and sample stirring (500-1000 rpm) were investigated. The signals of an alkane (heptane), an alcohol (1-Octen-3-ol), a ketone (4-Methyl-3-penten-2-one) and two aldehydes (hexanal and benzaldehyde) were monitored for the optimization. These analytes were selected due to their high abundance in the volatile compounds in nut-based milk's alternative beverages.
Effect of Extraction Time
Extraction time is a critical factor for equilibrium techniques such as SPME. The HS-SPME extraction time was examined at 10, 20, 40, and 60 min. SPME is an equilibrium technique, therefore the maximum amount of analyte that can be extracted is reached at equilibrium time. Figure 1 shows the intensity of heptane, benzaldehyde and hexenal/4-methyl-3-penten-2-one/1-octen-3-ol at various extraction times. As it can be observed, at 40 min several analytes can be detected and the signal for most of them is higher. Only for the ketone does the intensity continues to increase with the increasing of time. This can be attributed to lower diffusion coefficient which leads to slower mass transfer and longer equilibrium time compared to the rest analytes [22] . However, for heptane and benzaldehyde, the intensity is slightly reduced with the increasing of time to more than 40 min. As a compromise, 40 min was finally chosen as extraction time. The HS-SPME extraction procedure was performed without heating the sample as well as with heating at 25, 40, 50, 60 and 70 °C. For almost all analytes, extraction temperature of 60 °C resulted in higher signal intensity. A further increase in temperature above 60 °C resulted in signal intensity reduction. High extraction temperature is known to release more volatiles in the headspace and assist in the extraction procedure. However, adverse effects, such as decrease of partition coefficients, which prevent the extraction, can also take place [23] . Therefore, 60 °C was selected as the optimum HS-SPME extraction temperature. Figure 2 shows the effect of extraction temperature on the intensity of selected analytes. 
Effect of Extraction Temperature
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Effect of Salt Addition
Addition of sodium chloride was tested to check its effect on the HS-SPME procedure. The salting-out method is known to increase the distribution constant between the fiber and the analytes since it minimizes the interaction of the analytes with water and helps the analytes to go to the headspace [22] . An addition of 0.75 g and 1.5 g of sodium chloride, as well as absence of salt, were tested. Figure 3 shows the effect of salt addition in the extraction procedure. It was found that there was no significant effect of sodium chloride addition. As a result, no salt addition was required. Addition of sodium chloride was tested to check its effect on the HS-SPME procedure. The salting-out method is known to increase the distribution constant between the fiber and the analytes since it minimizes the interaction of the analytes with water and helps the analytes to go to the headspace. [22] An addition of 0.75 g and 1.5 g of sodium chloride, as well as absence of salt, were tested. Figure 3 shows the effect of salt addition in the extraction procedure. It was found that there was no significant effect of sodium chloride addition. As a result, no salt addition was required. 
Effect of Sample Stirring
The detection of several volatile components of nut-based beverages was enabled by stirring the sample by a magnetic stirrer. Figure 4 shows the effect of stirring rate in the extraction procedure. Stirring leads to more effective and faster adsorption of analytes into the fiber which can be achieved due to the assisted volatilization of analytes. Therefore, stirring rate of 500-1000 rpm was tested and a stirring rate of 700 rpm was chosen to obtain higher signals. [22] 
The detection of several volatile components of nut-based beverages was enabled by stirring the sample by a magnetic stirrer. Figure 4 shows the effect of stirring rate in the extraction procedure. Stirring leads to more effective and faster adsorption of analytes into the fiber which can be achieved due to the assisted volatilization of analytes. Therefore, stirring rate of 500-1000 rpm was tested and a stirring rate of 700 rpm was chosen to obtain higher signals [22] . Addition of sodium chloride was tested to check its effect on the HS-SPME procedure. The salting-out method is known to increase the distribution constant between the fiber and the analytes since it minimizes the interaction of the analytes with water and helps the analytes to go to the headspace. [22] An addition of 0.75 g and 1.5 g of sodium chloride, as well as absence of salt, were tested. Figure 3 shows the effect of salt addition in the extraction procedure. It was found that there was no significant effect of sodium chloride addition. As a result, no salt addition was required. 
Effect of Sample Volume
For the HS-SPME extraction procedure, sample volumes of 1, 2 and 4 mL were tested, using 15-mL vials. Figure 5 shows the effect of sample volume in the extraction procedure. The number of adsorbed analytes is generally proportional to sample volume. Therefore, higher sample volume lead to higher analyte extraction. However, fiber overload can have negative effects due to reverse diffusion of analytes from the fiber to the sample. In this experiment, an increase in sample volume from 1 to 2 mL lead to analyte extraction enhancement. However, a further increase from 2 to 4 mL had negative effect in the extraction procedure resulting in optimum sample volume of 2 mL for the examined analytes [24] .
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Validation
Selectivity
The satisfactory resolution between the chromatographic peaks of target analytes as well as the absence of interferences from the sample matrix indicate that a good selectivity was achieved with the proposed HS-SPME method.
Linearity, Limits of Detection (LODs) and Quantification (LOQs)
The calibration curves for heptane, a-pinene, toluene, 2-methylpyrazine, 3-heptanone, heptanal, 2-octanone, 1-heptanol, benzaldehyde and 1-octanol are shown in Table 1 . For this purpose, spiked samples of different concentrations (10, 25, 50, 100, 250 500, 1000, 5000, 10000, 25000 ng g −1 ) were analyzed. LOQ values ranged from 1.00-5.00 ng g −1 , while LOD values ranged from 0.33 to 1.67 ng g −1 . The upper limit of the calibration curves ranged between 2500 and 25000 ng g −1 , depending on the analyte. To the best of our knowledge, there are no mentioned LOQ and LOD values in the literature for the HS-SPME-GC-MS methods about nut drinks and nut extracts [5, 11, 25] . As it can be concluded, the developed HS-SPME method has satisfactory linearity range, as well as low LOD and LOQ values. 
Validation
Selectivity
Linearity, Limits of Detection (LODs) and Quantification (LOQs)
The calibration curves for heptane, a-pinene, toluene, 2-methylpyrazine, 3-heptanone, heptanal, 2-octanone, 1-heptanol, benzaldehyde and 1-octanol are shown in Table 1 . For this purpose, spiked samples of different concentrations (10, 25, 50, 100, 250 500, 1000, 5000, 10000, 25000 ng g −1 ) were analyzed. LOQ values ranged from 1.00-5.00 ng g −1 , while LOD values ranged from 0.33 to 1.67 ng g −1 .
The upper limit of the calibration curves ranged between 2500 and 25000 ng g −1 , depending on the analyte. To the best of our knowledge, there are no mentioned LOQ and LOD values in the literature for the HS-SPME-GC-MS methods about nut drinks and nut extracts [5, 11, 25] . As it can be concluded, the developed HS-SPME method has satisfactory linearity range, as well as low LOD and LOQ values. 
Accuracy and Precision
Extraction recovery values were used for the assessment of method accuracy at a concentration level of 1000 µg g −1 for heptane, a-pinene, toluene, 2-methyl-pyrazine, 3-heptanone, heptanal, 2-octanone, 1-heptanol, benzaldehyde and 1-octanol in a solution containing also 0.5 µg mg −1 butyrophenone. The results were between 81.3% and 118.2%, indicating satisfactory method accuracy. For the determination of method precision, means of relative standard deviation (RSD) was employed. For within-day repeatability (n = 5 days), RSD values ranged between 0.4% and 10.7%, while for between-days repeatability (n = 3 × 4 days) RSD values ranged between 1.3 and 12.3%. It can be concluded that the reported HS-SPME method is precise. Table 2 shows accuracy and precision results for the studied analytes. 
Real Samples Analysis
All the nut-based beverages used in this study were obtained from the local market in Thessaloniki, Greece. Different varieties of nut-based beverages (almond drink, chocolate almond drink, peanut drink, walnut drink) were analyzed as well as samples from different companies derived from almond. All samples were stored in the refrigerator (+4 • C). Results are illustrated in Table 3 . Identification of analytes was performed with (National Institute of Standards and Technology=Environmental Protection Agency=National Institutes of Health) NIST=EPA=NIH Mass spectral library NIST 05. Similarity indices were >95% for the analytes in Table 3 . As it can be observed, there are significant differences in the volatile profile of drinks derived by different nuts (i.e., almond, peanut, walnut) as well as of almond drinks from different producers. * Compounds of Almond Sample 1 that were detected, when performing extraction at a temperature of 37 • C in order to evaluate the volatiles that are responsible for the drink's flavor. Table 3 , the most common volatiles of nut-based beverages belong to the chemical classes of alkanes (such as heptane, 3-methyl-hexane, 2,2-dimethyl-hexane etc.), aldehydes (such as pentanal, hexanal, (E)-2-hexenal, hepanal, octanal, octenal, benzaldehyde etc.), ketones (acetone, 2-butanone, 4-heptanone, 3-heptanone, 2-octanone etc) and alcohols (ethanol, 1-pentanol, 1-hexanol, 1heptanol, 2-heptanol). Terpenes (such as a-pinene and limonene) were also detected. These compounds have been previously detected in the respective nuts as well as in almond drink [5, 8, 9] . Pyrazines and furfurals that were detected at the samples can be attributed to Strecker reaction due to the thermal treatment, while furans can be attributed to Maillard reaction [5] . Differences among the samples can be attributed both to the different nuts used for the drinks' production and to the different parameters of the drinks' production. Compounds such as styrene were not previously reported in these kinds of products, and therefore migration of the packaging may have occurred [26] . Since commercial samples were analyzed, addition of flavor enhancers may be another reason for the variation of type and concentration of some volatiles. Figure 6 shows a representative chromatogram obtained from walnut drink analysis.
As shown in
Molecules 2019, 24, x FOR PEER REVIEW 10 of 13 different parameters of the drinks' production. Compounds such as styrene were not previously reported in these kinds of products, and therefore migration of the packaging may have occurred. [26] Since commercial samples were analyzed, addition of flavor enhancers may be another reason for the variation of type and concentration of some volatiles. Figure 6 shows a representative chromatogram obtained from walnut drink analysis. These compounds form the total volatile profile of these products containing not only chemical compounds that form the product's flavor, but also other volatiles that are present in such drinks, since extraction was performed at 60 °C.
In order to evaluate the chemical compounds that are responsible for the product's flavor, extraction was performed at lower temperature. An extraction temperature of 37 °C may better simulate flavor release from the mouth. [27] For Almond Sample 1, analysis was also performed after extracting the volatile compounds at lower temperature (37 °C) instead of the optimum temperature that was finally chosen (60 °C). The compounds that were detected after extraction at this temperature are also shown in Table 3 . Twenty-six volatile compounds could be detected at this extraction temperature; most of them were aldehydes and ketones. As a result, by reducing extraction temperature, the volatile compounds of nut derived beverages, that are responsible for the drink's flavor, can be determined with this method.
Materials and Methods
Chemicals and Materials
All samples of nut-based milks (i.e. almond beverages, walnut beverage, peanut beverage, almond and cacao beverage) were obtained from the local market in Thessaloniki, Greece. All samples were stored in the refrigerator (+4 °C). Butyrophenone (purity ≥99%) was used as internal standard (IS) solution (Sigma-Aldrich, St. Louis, MO, USA). A stock solution of IS was prepared in methanol (Panreac, Barcelona, Spain) at a concentration of 1000 mg L −1 . A stock standard solution containing heptane (purity >99%, Sigma-Aldrich), a-pinene (purity >95%, Fluka, St. Gallen, Swiss), toluene (purity >99.8%, Sigma-Aldrich), 2-methylpyrazine (purity >99%, Sigma-Aldrich), 3heptanone (purity >98%, Sigma-Aldrich), heptanal (purity >95%, Sigma-Aldrich), 2-octanone (purity These compounds form the total volatile profile of these products containing not only chemical compounds that form the product's flavor, but also other volatiles that are present in such drinks, since extraction was performed at 60 • C.
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Materials and Methods
Chemicals and Materials
All samples of nut-based milks (i.e., almond beverages, walnut beverage, peanut beverage, almond and cacao beverage) were obtained from the local market in Thessaloniki, Greece. All samples were stored in the refrigerator (+4 • C). Butyrophenone (purity ≥99%) was used as internal standard (IS) solution (Sigma-Aldrich, St. Louis, MO, USA). A stock solution of IS was prepared in methanol (Panreac, Barcelona, Spain) at a concentration of 1000 mg L −1 . A stock standard solution containing heptane (purity >99%, Sigma-Aldrich), a-pinene (purity >95%, Fluka, St. Gallen, Swiss), toluene (purity >99.8%, Sigma-Aldrich), 2-methylpyrazine (purity >99%, Sigma-Aldrich), 3-heptanone (purity >98%, Sigma-Aldrich), heptanal (purity >95%, Sigma-Aldrich), 2-octanone (purity >98%, Sigma-Aldrich), 1-heptanol (purity >98%, Sigma-Aldrich), benzaldehyde (purity >99%, Sigma-Aldrich) and 1-octanol (purity >99%, Sigma-Aldrich) was prepared in methanol (concentration of each analyte 1000 mg L −1 ) and used for the identification of the volatile compounds and method validation. The stock solution was stored in the refrigerator (+4 • C) and it was found stable for up to 2 months. Working standard solutions were prepared daily by diluting appropriate amount of stock standard solution and IS solution in distilled water.
HS-SPME Procedure
The headspace solid phase microextraction (HS-SPME) was performed with a 23GA Stablefex™ 2 cm-long 50/30 µm DVB/CAR/PDS fiber from Supelco, attached in a manual SPME fiber holder (57330-U, Supelco, Germany). For the HS-SPME procedure, glass vials (15 mL) closed with polytetrafluoroethylene (PTFE) coated silicone rubber septum were used. Prior to analysis, the fibers were preconditioned in the injector port of the GC System according to the manufacturer's instructions. Under the optimum conditions, an aliquot of 2 mL of the nut-based beverage was transferred into the glass vial and 100 µL of internal standard solution was added to the vial (final IS concentration 0.5 µg g −1 ). The samples were heated at 60 • C and extraction was achieved in 40 min under agitation without any addition of salt. By the time that the incubation temperature was obtained, the fiber was immersed in the vial and one-stage simultaneous extraction and incubation was performed. Every sample was analyzed in triplicate.
Gas Chromatography-Mass Spectrometry (GC-MS) Analysis
An Agilent 6873K Gas Chromatograph coupled with an Agilent 5973 Quadrupole Mass Spectrometric Detector (Hewlett Packard, Waldbronn, Germany) was used for the separation and identification of the analytes. A DB-WAX capillary column (60 m × 0.32 mm, 0.25 µm) column was used as stationary phase, while helium was used as the carrier gas at a flow rate of 1 mL/min. The column temperature program was as follows: 40 • C initial temperature held for 5 min, raised to 100 • C at a rate of 10 • C /min, further raised to 220 • C at a rate of 5 • C /min held for 5 min and finally raised to 250 • C at a rate of 15 • C /min. Total analysis time was 44 min. Analyte desorption took place in the GC injection port at 250 • C for 3 min in splitless mode and the fiber was kept in the injection port for 5 min more for cleaning. Mass analyzer was set on scan mode and the recorded ions were m/z:35 to m/z:350. MS source and MS Quad were operated at 250 • C and 130 • C, respectively. Finally, identification of analytes was performed with NIST=EPA=NIH Mass spectral library NIST 05 and the retention time of some volatile compounds was used as reference standards.
Method Validation
The herein developed HS-SPME method was validated in terms of selectivity, linearity, precision, accuracy and sensitivity. Linearity studies were performed by triplicate analysis covering the entire working range. The slope, intercept and coefficient of determination was calculated based on least square linear regression analysis. Limits of detection and quantification were calculated by 3 S/N and 10 S/N ratio. The method accuracy was calculated as the recovery (%) value obtained from the measured concentrations compared to nominal concentrations of spiked solutions using the equation:
Measured concentration Nominal concentration
Within-day repeatability was evaluated by calculating the relative standard deviation (RSD) for five replicate measurements of spiked solutions, while between-days precision and accuracy was assessed by performing triplicate analysis at the same concentration level in four different days. Selectivity of the developed method was assessed by the absence of matrix interference in real samples' chromatograms and the good resolution between the analytes' peaks.
Conclusions
Herein, a HS-SPME method was developed and validated for the determination of polar volatile components of commercial nut-based drinks prior to GC-MS analysis. The proposed method is simple, selective and inexpensive and shows good linearity as well as low LOQ and LOD values. Moreover, the proposed method shows satisfactory accuracy and precision. With the HS-SPME technique, reduction of matrix interference and preconcentration of more than 70 volatile compounds can be achieved. Most of these compounds belong to aldehyde, ketone and alcohol groups. Representative chemical compounds of most classes of volatiles were used for the first time for volatiles' quantification in nut-based milk's alternative beverages. The proposed method can be used for the determination of volatile compounds in a wide range of nut-based beverages, to detect changes during storage and technological treatment used for their production and to relate the sensory characteristics of products with their total polar volatile profile.
